Introduction
Intermetallic communication between d-and f-block ions or between two different f-block ions can be exploited for inducing novel optical and magnetic properties in doped crystal lattices [1] and molecular solids.
[2±5] As far as molecular programming is concerned, many efforts have focused on the design of pure heteropolymetallic d±f complexes, because the two different metal ions display clear-cut specific stereochemical preferences. [2, 6] The related preparation of Supporting information for this article is available on the WWW under http://www.chemeurj.org/ or from the author. Table S1 lists the ESI-MS peaks, and and for the central N 9 site (k c Ln ) for each specific lanthanide. The nontrivial dependence of these parameters on the ionic radius provides size-discriminating effects that favour the formation of heterotrimetallic helicates in which the central site is occupied by the larger metal of the pair. Combining the latter enthalpic driving forces with entropic contributions due to specific stoichiometric conditions allows partial selection (i.e., programming) of a specific heterotrimetallic species in solution, which can be isolated by crystallisation, as demonstrated for [Eu 2.04 heteropolymetallic f±f' complexes is more challenging in view of the very similar coordination behaviour exhibited by the trivalent lanthanides Ln III along the 4f n series, except for a smooth and monotonous contraction on going from La (4f 0 , r CN¼9 La = 1.216 ä) to Lu (4f 14 , r CN¼9 Lu = 1.032 ä). [7] In this context, the isolation of heterometallic lanthanide-containing molecular materials in the solid state that display significant deviations from the expected statistical distribution has attracted much attention during the last decade with the detailed investigations of the Schiff bases L1
[4a] and L2, [4b] and the macrocyclic ligands L3, [5a,b] L4 [5c,d] and L5.
[4c] Interestingly, L5 selectively produces pentametallic lanthanide clusters [Ln 5 (m 4 -L5)](NO 3 ) 6 (m 5 -OH)] in which the metal ions are distributed among two different sites. The introduction of a mixture of lanthanides Ln 1 and Ln 2 results in nonstatistical enrichments, which are diagnostic for cooperative, multimetal-recognition processes, but the two-step procedure leading to the heterometallic complexes in the solid phase (thermodynamic equilibrium in solution followed by a thermodynamically and/or kinetically controlled crystallisation process) prevents a direct access to the parameters governing the selective incorporation of different Ln III ions.
[4c]
A deeper understanding of the recognition processes leading to pure heterobimetallic f±f' complexes requires their formation in solution under kinetic or thermodynamic control. [3a] as demonstrated by a rational extension of this synthesis leading to 91 different heterometallic compounds in which the smaller lanthanide of any Ln 1 /Ln 2 pair selectively occupies the inner N 4 O 3 cavity.
[3b] Although no direct evidence supports the persistence of the heterobimetallic structures in solution, FABMS experiments using DMF as solvent and m-NBA as matrix suggest similar formulations in solution.
[ 6 ] 3 + in water shows only minor deviations from the statistical distribution. [8, 9] The design of different metal-hosting sites is an obvious solution for increasing selectivity, and B¸nzli et al. have reported the formation of the heterobimetallic C 3 -symmetrical head-to-head-to-head triple-stranded helicates HHH- 6 + is systematically displaced to the right with respect to its statistical value, and an increasing difference in ionic radii favours the formation of the heterobimetallic complex. [10] For the La/Lu pair, this translates into the formation of 90 % of the heterobimetallic helicate HHH-[(La)(Lu)(L8) 3 ] 6 + at millimolar concentrations, but the potential coexistence of HHH and HHT (head-to-head-to-tail) isomers limits the selectivity of the assembly process for other similar ligands. [11] (9Àn) + species with n = 1±6 (Figure 2 a) . For each value of n, we detect four patterns originating from each possible value of x = 0, 1, 2, 3 (Figure 2 b and Table S1 , Supporting Information). Some minor residual peaks in the ESI-MS spectra arise from traces of protonated ligands and from partial hydrolysis of the terminal carboxamide groups during the spraying process. We conclude that the expected homo-and heterotrimetallic helicates are the only significant complexes in solution under these experimental conditions. Although the varying efficiency of transfer of the cations from the droplet into the gas phase for complexes with different charges (i.e., different n) prevents quantitative comparisons with ESI-MS, [13] (9Àn) + with the same n, as recently demonstrated for monometallic triple-helical lanthanide complexes [14] and for heterobimetallic helicates with L8. [10] Any variation of the relative intensity of the ESI-MS signal within a tetrad can thus be assigned to a concomitant change in the speciation in solution ( Figure S1 , Supporting Information), and it is noteworthy that we systematically observe significant deviations from the statistical binomial distribution (Ln Figure 1) . The latter display isolated singlets, broadened by the unresolved aromatic 4 J scalar coupling, in an unusual spectral range (5.0± 6.0 ppm) in view of the specific diamagnetic anisotropy produced by the benzimidazole groups of the neighbouring wrapped ligand strands ( Figure 3 ). [12] The signals of the homotrimetallic (Ln 1 ) 3 and (Ln 2 ) 3 helicates are easily assigned by comparison with pure samples (Figure 4 a and H} dipolar interactions. Moreover, the significant contact and pseudocontact shifts observed for H5 and H6 [16] complicate 1) their straightforward assignment in heterotrimetallic helicates and 2) quantitative analysis of the speciation in solution ( Figure S2 , Supporting Information). We thus resorted to the detailed model-free analysis of paramagnetic 1 H NMR data previously applied to the homotrimetallic complexes for the, a priori, calculation of paramagnetic 1 H NMR shifts for the heterotrimetallic species. [16] The chemical shift d
is the diamagnetic shift measured in the analogous homotrimetallic La, Y or Lu complex, F i hS z i j,k,l is the through-bond contact shift limited to a single site (j, k or l), and C k B
i are the three additive throughspace pseudocontact contributions induced by the three paramagnetic ions. [16, 17] 
If we consider the crystal structure of [Eu 3 (L9) 3 ] 9 + to be an acceptable structural model for homo-and heterotrimetallic helicates in solution along the complete lanthanide series, [12] we can use the set of contact terms F i (i.e., Fermi constants), structural factors G ) [16] for calculating the 1 H NMR spectra of the heterotrimetallic complexes with Equation (3). For instance, d
exptl ijkl
for D 3 -symmetrical YbLaYb can be predicted with simplified Equation (4), while that of LuNdLu can be predicted with the simplified Equation (5), because the Bleaney factors vanish for diamagnetic ions (C La = C Lu = 0).
Good correlations are obtained between calculated and experimental 1 H NMR data for each heterotrimetallic complex, and thus lead to complete assignment of their signals (Table 3; Table S2 , Supporting Information). Subsequent integrations of the signals provide a reliable speciation (Table 1; Tables S3, S4 , Supporting Information); this eventually leads to stability constants for the La/Eu, Nd/Lu, Eu/Lu and La/Yb pairs (Table 2 ) and confirms the preferred location of the smaller Ln III of the pair in the terminal sites (Table 1) .
Modelling the thermodynamic assembly of heterotrimetallic helicates (Ln Ln ) are proportional to DG, Scheme 1). At the concentrations used for NMR studies, no significant decomplexation occurs, and the stoichiometric ratio used ensures that the three sites are quantitatively occupied by Ln III ions. Interactions between a pair of adjacent metal atoms (electrostatic repulsion, mechanical coupling) is modelled by a single freeenergy term DE, expressed as a Boltzmann factor u Ln1Ln2 = exp(ÀDE Ln1Ln2 /RT), as previously described for multiple protonation or complexation processes (Scheme 1). [18] [a] Determined from the fit of NMR data (see text). [b] Obtained by direct spectrophotometric titrations of L9 with Ln III , from ref. [12] . [c] Measured for Ln = Ho, which has a very similar ionic radius. [12] [d] Measured for Ln = Tm, which has a very similar ionic radius. [12] [e] Dr i = r Ln1 Àr Ln2 [ä]: nine-coordinate ionic radii taken from reference [22] . 
Moreover, the interaction between adjacent sites is identical for any pair along the lanthanide series. Under these conditions, the speciation of (Ln
À2 m follows a statistical binomial distribution that depends on the Ln 1 :Ln 2 = p 1 :p 2 ratio (p 1 + p 2 = 1.0). We expect the following distribution for the mole fraction of each specific helicate: À1.0 kJ mol À1 can be calculated for the heterotrimetallic helicates (Table 1) . However, we do not detect a straightforward correlation between D(DG) and Dr i ; this reflects the increased possibilities offered by trimetallic helicates for accommodating different metal ions. We conclude that model A is oversimplified and cannot account for the subtle recognition processes occurring in heterotrimetallic complexes.
Model 6 ] 3 + , in which the three metal coordination spheres are identical. [8] Equation (7) 9 + , and the term log(s) explicitly expresses the contribution of the increased entropy resulting from the number of different arrangements allowed in the heterotrimetallic complexes (degeneracy given in Figure 1 ). ). This model remains inadequate for rationalising our experimental data and we deduce that specific recognition processes occur at each site that cannot be modelled by the average size-discriminating effect evidenced in the homotrimetallic helicates.
Model C-a statistical distribution including size-discriminating effects for each specific site: The application of statistical thermodynamics to the model depicted in Scheme 1 for two metal sites displaying different affinities k ) 3Àx with the simplification that u Ln 1 Ln 2 = u Ln 1 Ln 1 = u Ln 2 Ln 2 = u. Each microscopic constant thus corresponds to the products of the absolute affinities of each occupied site, modulated by 1) the interaction parameter u for each adjacent pair in the final helicate and 2) the degeneracy factor s given in Figure 1 , as similarly used for protonation reactions. [18] Note that model C reduces to model B when k 
Only five of these equations are mathematically independent, and we can thus theoretically extract the four parameters k . However, such a statistical description requires an over-determined system for extracting physically meaningful parameters, [18] and for most Ln 1 /Ln 2 pairs, only a partial set of formation constants is at hand for the heterotrimetallic helicates (Table 2) . To maximise the ratio between experimental data and fitted parameters, we simplified the model by 1) neglecting the interaction between two adjacent lanthanides (DE = 0 and u = 1) and 2) incorporating in the fitting process the formation constants b 6 + determined by spectrophotometric titration [12] [Eqs. (14) and (15) 6 + ]. [18] Under these conditions and depending on the specific Ln 1 /Ln 2 pair, we have considered 5±7 independent experimental stability constants (and their associated equations) for extracting the four parameters k (Table 4) . [19] Good agreement is obtained for similar parameters extracted from the analyses of different pairs, which supports the reliability of the fitting process.
The formation constants log(b (Table 5) show a satisfying correlation with the experimental data according to the limited sophistication of model C ( Figure 5) [a] r Ln = nine-coordinate ionic radii taken from reference [22] . [a] Dr i = r Ln1 Àr Ln2 for nine-coordinate ionic radii taken from reference [22] . Table 1 ). The variation of log(k c Ln ) along the lanthanide series displays an inverted electrostatic trend [7a] leading to a decreased affinity of the central site for smaller lanthanides (Figure 6 a) . This behaviour is reminiscent of the corresponding abrupt decrease in formation constants reported for the monometallic model of the central N 9 site [Ln(L10) 3 ] 3 + , which is attributed to intramolecular interstrand stacking interactions preventing the contraction of the cavity required for accommodating heavy Ln III ions. [20] A parallel effect occurs in [ . [22] This trend has no precedent in the monometallic model of the facial N 6 O 3 site in [Ln (L11)] 3 + , which displays a weak standard electrostatic trend. [21] We tentatively attribute the specific bowl-shaped dependence of log(k Figure 6 ).
Characterisation and isolation of a specific heterotrimetallic complex-EuLaEu: We now explore distortions from the (Table S3 , Supporting information). Slow diffusion of tert-butyl methyl ether into this mixture produces only amorphous powders, but the replacement of acetonitrile with nitromethane, a solvent with similar dielectric and complexation characteristics (the experimental distribution found in CD 3 NO 2 by 1 H NMR spectroscopy is similar within experimental error to that found in CD 3 CN) provides X-ray-quality prisms of [La 0.96 Eu 2.04 (L9) 3 ](CF 3-SO 3 ) 9 (CH 3 NO 2 ) 9 (1). The crystal structure of 1 consists of discrete [EuLaEu(L9) 3 ] 9 + ions, uncoordinated triflate anions and solvent molecules. The anions and solvent molecules are partially disordered, but show no other features of interest. In contrast to [Eu 3 (L9) 3 ]-(CF 3 SO 3 ) 9 (CH 3 CN) 9 (H 2 O) 2 , which crystallises in the triclinic crystal system, space group P1 ≈ (Z = 2), [12] the analogous heterotrimetallic complex 1 crystallises in the monoclinic crystal system, space group P2 1 /c, and these complexes are thus not isostructural. However, the molecular structures of the two ions [EuLaEu(L9) 3 ] 9 + and [Eu 3 (L9) 3 ] 9 + are very similar, except for two significant differences (Figure 7 , Table 6 ). First, the less distorted overall shape of the triple helix for EuLaEu implies 1) reduced bending (Eu¥¥¥La¥¥¥Eu 177.97(4)8 vs Eu¥¥¥Eu¥¥¥Eu 173.71(1)8 in Eu 3 ) [12] and 2) more regular positioning of the metal ions along the helical axis (Eu1¥¥¥La1 9.105(1) and La1¥¥¥Eu2 9.126(1) ä vs Eu2¥¥¥Eu1 9.3165(7) and Eu1¥¥¥Eu3 9.0762(7) ä). [12] Second, the coordination sphere of the central site primarily occupied by La1 is significantly expanded, with average LaÀN(benzimidazole) (2.66(2) ä) and LaÀN(pyridine) (2.66(1) ä) bond lengths that are significantly longer than those reported for the central Eu1 in [Eu 3 (L9) 3 ] 9 + (2.59(1) and 2.58(2) ä, respectively). [12] This expansion of the cavity fairly matches that expected for the replacement of nine-coordinate Eu III (r CN¼9 Eu = 1.120 ä) [22] in Eu 3
with La III (r CN¼9 La = 1.216 ä) [22] and confirms the location of a lanthanum atom in the central site of EuLaEu. In this context, the almost identical bond lengths and coordination spheres observed for the terminal sites in both trimetallic helicates justify the systematic location of Eu III in the terminal sites.
A thorough scrutiny of the helical wrapping of the strands, based on the calculation of pitches P ij for the nine successive helical portions F1±F9 (as previously described for [Eu 3 (L9) 3 ] 9 + , Table S6 , Supporting Information), [12] shows only minor structural changes in the global shape when Eu . [12] Since the intrinsic concentration of the terminal sites in [Eu 3 (L9) 3 ] 9 + is twice that of the central site and the quantum yield associated with the central EuN 9 chromophore is smaller than that of EuN 6 O 3 , [12] the intensity of the emission originating from the central site F c is significantly weaker than that from the terminal sites F t (Figure 8 Figure 8 a) leads to F c /(F c + F t ) = 0.27, which can be used with Equation (17) for calibrating the ratio of the emission efficiency factor 1 associated with each site: 1 c /1 t = 0.74.
The emission spectrum of the heterotrimetallic helicate 1 (Figure 8 b) is similar to that recorded for [Eu 3 -(L9) 3 ](CF 3 SO 3 ) 9 (Figure 8 a) , except for the much smaller ratio F c /(F c + F t ) = 0.094. The observation of a faint residual emission from the central site at 17 238 cm À1 confirms the partial replacement of non-emissive La III by luminescent Eu III , in agreement with X-ray analysis. According to the 9 + , which does not agree with the elemental analysis.
We deduce that the third significant component LaLaEu of the original solution (19 %) is also incorporated in the final crystals; this consequently introduces some non-emissive La III in the terminal sites. Taking the average population parameter of the lanthanum atom found by X-ray analysis in the terminal sites (PP La(terminal) % 0.1), we calculate that LaLaEu contributes 20 % in the solid-state mixture, while (1Àa) (EuLaEu) + a (Eu 3 ) accounts for the remaining 80 %. Equation (19) thus holds, and we obtain a = 0.32 with 1 c /1 t = 0.74.
This translates into PP Eu(central) = 0. 9 + , which display sufficiently similar characteristics for their statistical incorporation into the crystal lattice. 3 + , [20] the central nine-coordinate N 9 site in [Ln 3 (L9) 3 ] 9 + favours complexation of large Ln III ions and thus leads to a reverse electrostatic trend (Figure 6 a) . However, the peak of selectivity around Ln = Ho (Figure 6 b) observed for the terminal site has no precedent in the monometallic model [Ln (L11)] 3 + , [21] and its definitive interpretation should await until sufficient non-correlated thermodynamic data are available for extracting reliable interaction parameters u ), [15] because b 2 pair from which at least five parameters (including u Ln 1 Ln 2 ) could be reasonably extracted, and research along this line is in progress. Interestingly, model C can be easily extended and adapted for numerous types of supramolecular polymetallic assemblies obtained under thermodynamic equilibria, thus opening perspectives for the rational programming and preparation of heterometallic complexes exhibiting novel functions resulting from specific intermetallic communications. [13, 23] In this context, the predicted and observed isolation of about 50 % of [EuLaEu(L9) 3 ] 9 + from a well-defined mixture highlights the potential and limitation of this approach, because the different heterotrimetallic helicates are too similar to allow selective crystallisation of one particular complex. In other words, the preparation of heterometallic triple-stranded helicates depends on our capacity 1) to combine different sites along the strands displaying specific affinities for Ln III and 2) to rationalise intermetallic couplings which are responsible for further ultrafine tuning and selectivity.
Conclusion

Experimental Section
Solvents and starting materials were purchased from Fluka AG (Buchs, Switzerland) and used without further purification unless otherwise stated. Acetonitrile was distilled from CaH 2 . The ligand 2,6-bis{1-ethyl-5-{1-ethyl-2-[6-(N,N-diethylcarbamoyl)pyridin-2-yl]benzimidazol-5-methylene}benzimidazole-2-yl}pyridine (L9) was prepared according to a literature procedure. [12] The triflate salts Ln(CF 3 SO 3 ) 3 ¥x H 2 O (Ln = La±Lu) were prepared from the corresponding oxides (Rhodia, 99.99 %). The Ln content of solid salts was determined by complexometric titrations with Titriplex III (Merck) in the presence of urotropine and xylene orange. [24] Preparation of the complexes [ The structure was solved by direct methods (SIR97), [25] and all other calculations were performed with the XTAL [26] and ORTEP [27] programs. . The hydrogen atoms were placed in calculated positions and contributed to F c calculations. The population parameters of the metal sites Eu1, La1 and Eu2 (major) were refined (Eu1, La1, Eu2 = 0.88(3), 0.74(3), 0.90(3)), and those of the respective La11, Eu11, La22 (minor) were constrained to be complementary to unity. No restriction was applied between the population parameters of the terminal Eu1 and Eu2 atomic sites. The anisotropic displacement parameters of the minor sites were constrained to be identical to those of the major sites. The methyl C61b, ethyl C58c-C59c and diethylamide N13c-C52c-C53c-C54c-C55c groups (14 atoms) were disordered, and each group was refined on two distinct positions with PP = 0.5 and isotropic displacement parameters. The anions were refined with anisotropic displacement parameters, except for the nine carbon atoms, and restraints on bond lengths and angles. The solvent molecules were located on 14 sites (4 sites with PP = 1 and 10 sites with PP = 0.5) and refined with isotropic displacement parameters and restraints on bond lengths and angles. On account of the ambiguity in the location of the methyl groups, the hydrogen atoms of the nitromethane solvent molecules were not calculated. CCDC 218566 (1) contains the supplementary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/ retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+ 44) 1223-336-033; or deposit@ccdc.cam.uk).
Spectroscopic and analytical measurements: IR spectra were obtained from KBr pellets with a Perkin±Elmer 883 spectrometer.
1 H NMR spectra were recorded on a Broadband Varian Gemini 300 and on a Brucker DRX-500 spectrometer at 298 K. Chemical shifts are given in ppm versus TMS. The relative proportion of each complex was determined by integration of the 1 H NMR signals at different Ln 1 :Ln 2 :L9 ratios. The associated stability constants were estimated from distributions simulated with the program MINEQL + . [15] ESI-MS spectra were recorded from 5 î 10 À4 m acetonitrile solutions with plastic microchips (DiagnoSwiss, Monthey, Switzerland) used as single-use infusion devices [28] on a triple-quadrupole linear ion trap mass spectrometer (QqLIT) [29] (Q TRAP, AB/MDS Sciex, Concord, Canada). Microchips were cut into a V shape at one end of the channel (120 mm in width, 45 mm in height and 1 cm in length), and a polypropylene reservoir was placed on the other end. The open-ended tip was positioned and centred with a home-made source 2 mm in front of the MS front plate. A voltage of 3.5 to 3.8 kV was applied to 50 mL of sample in the reservoir with a platinum electrode (front plate: 1 kV). Mass spectra were acquired either as full-scan Q1 (unit mass resolution) averaged over typically 30 s, or as enhanced-resolution (ER) spectra centred on the mass of interest by using the linear ion trap with a trap fill time of 5 ms and a LIT scan rate of 250 Th s À1 averaged over 30 s. The experimental procedures for high-resolution, laser-excited luminescence measurements have been published previously. [30] Solid-state samples were finely powdered, and low temperature (295±5 K) was achieved by means of a Cryodyne Model 22 closed-cycle refrigerator from CTI Cryogenics. Luminescence spectra were corrected for the instrumental function, but not excitation spectra. The metal contents of the complex were determined by ICP-MS (HP 4500 ICP MS) after oxidative mineralisation of the sample (standard solutions: Eu and La 1.0 mg mL À1 in 2 % aqueous nitric acid (Acros)).
